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REMARKS/ARGUMEI^fTS 

Claims 1-6, 9 and 12-19 remain in the application. Claim 12 and 14-19 have 
been amended Claim 13 has teen cancelled. 

Claim Rejections - 35 USC § 112 

The rejection of claims 1-19 under 35 USC § 112, first paragraph; was 
maintained by the Examiner, Paxticularly, the Examiner beheves tibat the specification 
fails to teach how the maximinn void size is detennined such that flame propagation 
therethrough is limited, and that the teachings of US 6,494,189 and US 4,013.190 do 
not allegedly provide sufBcient guidance as to how to so determine maximum void 
size. 

Applicant respectfiiUy believes that this information (i.e. the minimum 
distance required for a flame front to be generated and to propagate, and therefore the 
void size necessary to quench any such flame) is in fact a concept well understood in 
the art. This basic concept is employed in many apphcations, including the oil and 
natural gas industry for example, which use pipeline flame arresters to ensure flames 
don't propagate within the pipeline. Such flame arrestors typically comprise a 
plurality of narrow passages, through which the oil/natural gas can flow but which 
prevent flame fronts from passing therethrough. See for example the crimped ribbon 
type flame arrestors of US patents 4,909,730 and 5,415,233. 

The Examiner alleges that the teachings of US 6.494,189 and US 4,013,190 
are directed to flame arrestors which employ an open cell foam material, rather than 
the fibrous matrix of tlie present invention, and thus fail to teach how the size of pores 
without the fibrous matrix are to be selected. With respect, the concept of arresting 
flame propagation by sizing apertures such that they are less than the MS EG 
(Maximum Safe Experimental Gap — see definition below) based on the type of fiiel 
and materialj is well known in the art. Therefore* although the materials may diffn-, 
the concept and manner of determining such MSEG remain the same. 

The Applicant invites the Examiner to consider the following documents, 
which deal with quenching distances for flame fronts and how to calculate/determine 
flame quenching distances, and therefore distances of void size which below which 
flame will be unable to propagate. 

1) N.A.C.A. Report 1264, by A. E, PoUer, Jr. A. L Berlad, 
Jan. 1956 

A copy of this report is enclosed herewith. 

Generally, this NACA/NASA technical paper from 1956 describes an approximate 
thermal equation which was dmved for flame quenching distance. The quenching 
distance was expressed in terms of the thermal conductivity, the fuel mole fraction, 
the heat edacity, the rate of the rate-controJUng chemical reaction, a constant that 
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depends on the geometry of the quenching surface, and one empirical constant. The 
effect of pressure on quenching distance was shown to be inversely proportional to the 
pressure dependence of the flame reaction, with small correction necessitated by the 
ejffect of pressure on flame temperature. The quenchirkg distance was shown to be 
inversely proportional to burning velocity and pressure at any given initial temp^ture 
and equivalence ratio. 

2) The Glossary on Explosion Dynamics from the Aviation Kerosene (Jet A) Research 
lab at Caltech University. 

Web site link: httDV/www.ealcitxaltech.edu/EDLVproiects/JeWGlossaTV.htnil 

The Applicant would hke to particularly point out the definitions for MSEC and 
for Quenching Distance, reproduced below: 

Maximum Safe Experiinental Gap (MSEG) A flame c^v, be initiattid in the explosive 
atmosphere even when the height of a channel or gap connecting the ignidon chamber with the 
explosive atmosphere is smaller than the laminar flame quenching height. Even after a flame 
stops actively propagatiiig, there may still be sufQcieDtly bot products and radical species tjo 
restart flame propagation ^en the products emerge &om the channel and the loss mechanism, 
heat transfer to the channel walls, is removed. This was first observed expeiimentaUy when 
developing standards for gaps in enclosures of electrical equ^ment. The maximmn gap height 
that prevents eTcplosion transmission can be a &CTor of two or smaller than the laminar flame 
quenching diameter. Standardized tests have been developed to measure the MSEG and are used 
to certify "explosion-proof electrical enclosures- 
Quenching Distance - A characteristic lengtii scale associated with laminar 
flamc quenching during propagation in a narrow channel or tube. The irrinimum 
height of a channel in wliich a hydrocarbon-air flame can propagate at NTP 
• is about 1 .6 mm for mixtures with equivalence ratios between 1 and 2. The 
minimum diameter of a tube is about 2 mm. This distance varies inversely 
with initial pressure and is smaller for Tnixtures with higher laminar flame 
speeds- Turbulent explosions can be transmitted through openings smaller 
tiian the laminar flame quenching distance. 

Therefore, it is clearly a well known concept that a flame requires a given 
distance to propagate (i.e. the MSEG), and therefore that if a void or opening within 
which the flame may originate is siied smaller than this given distance the flame will 
be quenched, regardless of whether the material is an open cell foam, a fibrous matrix, 
or another such material. 

Therefore, the Applicant respectfully beheves that reconsideration and 
withdrawal of the rejection of claims 1-19 under 35 USC § 112, first paragraph, is 
warranted. 

Claim Rejections - 35 USC § 102 / 103 

Claims 1-2, 4, 9, 12-13 and 15-19 were rejected under 35 USC § 102(b) as 
being anticipated, or in the alternative under 35 USC § 103(a) as being rendered 
obvious, by Puech (GB 384,930). 
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Paech discloses a cowling for an aircraft engine (i.e. not an aircraft engine 
itself), which has air vent openings therein that are partially covered by a triple layered 
covering which is said to prevent flames firom a fire which originates within the 
cowling jfrom escaping and also is said to enable the extinction thereof. 

Applicant would like to point out the following definition of "cowling** as per 
the Mernam-Wehster Collegiate Dictionary, l(f^ ed. : 

"a removable metal covering that hoiises the engine and somctunes a part of the fuselage or 
nacelle of an airplane; also : a metal cover for an engine" 

Accoldingly, a cowling as taught by Fuech cannot be read to include the 
engine itself, but rather defines a compartment within which an engine is housed. Fig. 
1 of Puech supports this definition and construction. The Examiner is not entitled to 
give the term cowling a defmition different from that commonly understood in the 
prior art and as defiaied in tiie specification of Puech itself. 

Therefore, it cannot be said that Puech teaches a gas turbine engine, having a 
hot section which includes a combustion chamber therein and an outer casing (i.e. of 
the gas turbine engine) surrounding the hot section, as per the present invention as 
claimed. Therefore, Puech fails to teach or suggest the use of the "triple covering** 
anywhere but in the vent openings of an aircraft cowling. Regardless of the structure 
of the triple covering, Puech failed to recognize the advantage of locating a flame 
arresting member directly on the engine casing, such as to prevent fires fix)m even 
beginning. Instead, Puech tries to contain such engine fires without a sorroundirig 
cowling. This is clearly much less desirable, as the engine and the intemals of the 
cowling (including electrical systems, etc.) would be exposed to such a cowling iBre. 
Puech therefore fails to either anticipate or render obvious the present invention as 
claimed in independent claims 1 and 12 at least for this reason alone. 

The triple layer covering, which Puech apphes within the ventilation openings 
of the cowling, is said to impede tlie advance of fire which has broken out aioimd the 
engine (within the cowling), to localize the flames to their point of origin (i.e. within 
the cowling), and to enable extinction thereof. This fire arresting triple covering 
disposed within the cowling's vent openings is therefore intended to contain and help 
extinguish a fire which has already started, for example one which has broken out 
around the engine and must be contained within the envelope of the cowling, and not 
be pemiitted to pass out through the openings of the cowling. Puech' s intent is 
therefore to prevent the flames fi^om passing through such openings in the cowling. 
The present invention, in contrast, is aimed at quenching any spark (i.e. preventing a 
flame fix)m even starting) directly at its point of origin on the engine casing surface 
itself. The fire retarding member of the present invention is therefore located directly 
on the surface of the hot engine casing, such as to prevent fires fhDm starting rather 
than trying to contain and/or extinguish them once they have already begun as per 
Puech. The fire retarding member of the preset invention therefore limit large voids, 


Page 6 of 8 


PAGE 9/18 ' RCVD AT 112312006 1:10:56 PM [Eastern Standard Time] ' SVR:USPTO{FXRF-6126 ' DNIS:2738300 ' CSID:514 286 5474 ' DURATION (mni-ss):05-38 


01/ 23/06 13:15 FAX 514 286 5474 


OGILVY RENAULT 


@010 


Application No. 10/016,870 

Reply lo the Of&ce Action inailed Sept 21, 2005 


either within itself or between itself and the engine casing, such as to prevent such a 
propagation of flame within the surrounding cowling, which Puech aEows to occur. 

With respect to the Examiner's suggestion that a percent density of between 
10-30 % would be inherent to the device taught by Puech, this is clearly false. 
Nothing taught or suggested by Puecb, in describhig the triple layered covering, 
suggests any such range of density of the fire retarding element Merely because 
Puech discloses three layers, each having a different construction, does not cxphcitly 
or implicitly suggest any desirability, advantage or reason why such a density is either 
possible or sought. Therefore, the Examiner is unjustified in alleging, in hindsight, 
that Puech discloses the claimed properties merely because the fire screen taught by 
Puech also attempts to contain/extinguish fire and because the three layers are made of 
various porous materials. 

With respect to claim 18, Puech fails to teacli or even suggest that the triple 
covering disposed within the ventilation openings of the cowling is flexible or 
extensible (in any direction), and therefore it cannot be fairly said that Puech discloses 
that the triple covering is im-extendable in a directi.on substantially parallel to the 
engine casing. As no teaching or suggestion in this regard is made> Puech does not 
anticipate or render obvious claim 18. 

Accordingly, the rejection of claims 1 and 12 u;ader 35 USC § 102(b) or 103(a) 
as being anticipated or rendered obvious by Puech is unsupported, as should be 
withdrawn, as Puech fails to disclose each and every element of claims 1 and 12. For 
the reasons above, dependent claim 16 is similarly novel and non-obvious over Puech. 
At least in view of their dependence on claims 1 and 12, claims 2, 4 9, 15-19 are also 
believed to be novel and non-obvious in view of Puech. 

The Applicant therefore submits that claims 1 and 12 are both novel and non- 
obvious over Puech, and that all dependent claims, including claim 2, 4, 9 and IS, are 
similarly novel and non-obvious. Reconsideration of their rejection under 
35 U.S.C. § 102(b) or 103(a) is therefore respectfiilly requested. 

Claim 3 was further rejected 35 U.S.C. § 103(a) as being obvious over Puech in 
view of McCxillough (US 4,844,974). Claims 5-6 and 14 were rejected under 35 
U-S C. § 103(a) as being obvious over Puech in view of Nevin (GB 2^266,051). In 
view of the claims as presently submitted, the comments above and at least in view of 
the dependence of claims 3 and 5-6 on claim 1 and the dependence of claim 14 on 
claim 12, the subject matter of these dependent claims is believed to be neither taught 
nor suggested by Puech, McCuUough or Nevin, either alone or in combination. 
Reconsideration is therefore respectfully requested. 

It is submitted therefore that claims 1-6, 9, 12 and 14-19 are now in condition 
for allowance. Reconsideration of the Examiner's rejections is respectfiilly requested. 
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In the event that there are any questions concerning this amendment or the 
application in general, the Examiner is respectfully urged to telephone the undersigned 
so that prosecution of this apphcation may be expedite<l. 


January 23, 2006 


Date 



T. James Reid, Reg. No. 56,498 
OGE.VY RENAULT LLP 
Customer No. 32292 


CERTIFICATE OF FACSIMILE TKANSMISSION 


I hereby certify that this paper is being facsimile transmitted to the 
United States Patent and Trademark Office on the date shown below. 



T> James Reid, Reg. No. 56.498 
Name of person signing certification 


January 23,2006 


L 


Date 
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A THERMAL EQUATION FOR FLAME QUENCHING « 

&7 A. E. FOTT^ Xr.» and A. L. BsBitAs 


An approximaU thermal e^uaHon was derived Jor quenching 
dUtnnes based Ort a previously proposed diffufiovud treatmcT^t. 
TJie (juenching distance was expressed ifi terms of the ihemud 
cond/uelimty^ ths fuel moU fraction, the heat capacity, the rate 
of ih» rate-iUmtrciLvng ehemieaZ reaetioTt, a c^nsUnntthat depends 
on the gecmetrif ^ ihe gvenching Bitjface, <tni one em^pirieal 
conB(ant. 

Tfie effect of pressure on ^[Uenching d-isiajtee vxm ehov3n to he 
inrersdy proporiioncU to the preesure dependence qf the flame 
reaction,, wUh a small correction necessitated by the e^Kt Of 
pressure on flame Umperatvrc. 

The equatior^was "used with the Semencv epilation for burning 
velocity to show that the guenching distance W£ inversely -pr^^r- 
tional io burning velocity and pressure at any given tni^ 
lAmperttfiirA and AquivaUnee ratio. 

In order to use the equation with aspenmental data, the rate- 
controlling reaction -nvust 6* srptcified. T\D0 choices wers made: 
(1) the reaction between active particles and fuel {correspOTidiJig 
to the diffusional equ/iiion), and {£) the reaction between oxygen 
and fuel. 

The two eqwaticns, one based on the active^ariicle—fiiel 
reaction, the other hosed an the oxygen-fuel reaction, xoera tested 
using published data for the guenching of propane-oxygen^ 
nitrogejb flarnes. The data Selected included the effect on 
quenching distaTice of oxygeu'^nairogen ratio, prOp&ne cOncen- 
tralion, anid initial ^nictnire temperature and pressure. A 
correlation of these data was obtained "using each of the two 
equations , alihjough both possessed shortcomings. The equation 
using the active-pariicle^-fuel reaction did not correlate data 
'for all rich mixtures; the equation using the Ooeygesx^fuel roac- 
iion, while correlating data for both rich and lean mixtures, 
showed a larger demotion from the predieted Hnear relation 
than the other equation. 

The proGQBS of flame quenching is of interest, Bince it may 
bo velated to otlier combustion phenomena of et)g^eeT»3g 
importance, duch 03 fiame Btarbilization, £^unm6bili(iy lisaits, 
nnd tba general bc^h&vior of flajnes near cold walla. Flame- 
quencliuiff pxocesseQ become especially importo-nt in turbojet 
COItibudtsoa ByBtemB when Opera>tion ab low pressure (L e.j 


high. Gltitad.es) 16 confiidered. Flam© quencIuBg is usually 
studied enp^arimentally in terms' of the queaching distaace, 
whiolx i@ defined as the -miTiirmTrn channel else that will allow 
a given fin me to propagate. Most of the available quenching 
data have been obtained either by (1) observation of the 
Tm'fiTTmnfn tube diameter or rectsjigular slot width that ^yill 
allow a flanie to fiaab back, or by (2) detemainatxon of thei 
Tninitmim distance between plane^parallel plates that will 
qUow a flfljiie to propagatB from a epatk of Tnijaironm igni- 
tion euetgy, 

A rigdron^ tJieoretical treatnxent of the quenching proceaa 
appaax? to be a 33aost diffictilt task (refs. 1 and 2). Oonse- 
quently^ present theoretical treatments of quenching are 
Beccssaiily approzimate and seek primarily to correlate the 
quenohing procesd with tbe Toriables that affect it, such as 
preesure^ temperature, fuel type and concentration, inert- 
gas concentration, and qnonoihing-siirface geometiy. 

Approximate treatments of quanching hnve been baaed 
eLthcr on a thermal or a diffusional mecbanism for Qie process 
(reffi- ? imcL 4). Snch apparently diffarcnt outloolcB yield 
resulte consietenb with experimeatal data because the equa^ 
(dons for heat and mass transfer ore formally identicelj and 
because tbe Uiacmodiffasi'vity and the molecular diSusivity 
are numerically nearly equal (tef. 5). Thue, each p\irely 
thermal approach to a combustion process has a diffusional 
analog. 

A quenching-distance equation that sncccssfully correlates 
lean quenching data (re&. 4, 6^ and 7) id the diffusional 
equation gi'^n in reference 4» TJnfortunatcly, the use of 
this equation in its present form is limited to BtoicMomettio 
or lean mixtures. The source of thia difEculty appeals to 
bo the choice of the reaction kinetics. 

iEssentiall^j tiie objective of thia paper is to extend, if 
possible, tlie useful range of the quenching concepts of 
reference 4 to include hydrocarbon-rich xmsciures. Because 
of the eimilarities between heat and mass flow, it is to be 
expected that a thermal analog equation can be derived that 
will correlate data equally as well as the diffusional equation 
of reference 4. It is felt that aaoh. an alternate thennal 
equation is more snaccptible to changes in the reaction 
kinetLcs than the original diffusional model. The result of 
such changes is an extension of the useful rango of fuels and 
oxidants thikt may be ti*eated. 


1 euperwdea NAOA TK 33(8. "A. llMiaal Saaatkn Bar TIbdu Qjaeaeiaaer br A. TOttnv Xr^ ^ L. Bnftd, nw. 
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Tlup report contains tli6 d^vation. of a thermal queJa ching 
equation in which, the rate-contfoIUng reaction is not speci- 
fied Two possible rate-confroiQizig reactiond dl-e poetu] at«d, 
imd the Teeultifig two qnenchiii^ equations are tested using 
pvblifihed quenching data. It U ahowzi tihat, if tihe ozygen- 
fuel reaction is ossumed to be r&te^ontroIUikg, quenching 
data ore satiefaotorily coirelated for bolli ridi and lean 
propane-o^gon-nitrogen flames. The pressure dependence 
of Qie quenching distance and the rela^on of quenching 
disfcance to buxiwo^g velocity' ore also disouBaed. 

THEORY 

It IB possible to obtain tbe tliei-sxuvl equation directly from 
the diSusional equation Qf the initial ossuXOpdon is sUgjhtly 
altered), but it is felt that die deiivation presented below is 
more understandable and oSowa the assumptions involved 
to be clearly eeen. 

For o quenching equation, an initial postulate conoeming 
the conditions under which il flame can exist inside a tube 
is necessfijy. A reasonable postulate is follows: If the 
heat loat by the flame tp.the tube waUs exceeds a critical 
value, the flame will be quenched. Since a definite ^ount 
of heat is produced in a given flamCj an equivalent etate^ 
mcnt is that, in order for a flame to exist, the heat retained 
by it must be g^reatet- than a criticaL otaount. It will- be 
assumed that this cHtic^l amount is a constant fraction of 
the total heat produced in the flame. The ciiterion may 
be ivzitten as 


(1) 


(Symbob are defined in the appendiDc) 

S'or the combustion of hydrocarbons, complete combustion 
of the fuel is aesumed to occur for oil mixture compositions. 
Consequently, the total heat produced by the process may 
be written as the product of the mole fraction of fuel in the 
unbumed gas and the heat* produced upon the disappear- 
ance of 1 mole of fuel AH" (as deiined herein, AS" is constant 
and equal to tho heat of combustion to CO* and EtO oxjly 
for stoichiometric or lean niisturesj for rich mixtures, AH" 
decreases as the oxygen concentration decreases). Thus, 
for hydrocarbon flames, equation (1) may be written as 


(2) 


The heat retained by the flame con be written in terms of 
heat cap acity and average temperature of the fl&me in the tube 


fjquafeion (2) can then be written as 


(3) 


(4) 


Tho average temperatui-e of the flame may be found if i 
is assum*^ tJbat heat flow to the walls follows a differentia 
equation of the form 


(S 


Here, ^ is the rate of teinparature rise caused by chomica 
reaction, X ifi tha tbermodiffueivity and pi'lmea refer t< 
diflerentiation with respect to z. 

The result of integrating and avoTEiging equation (6) wifcl 
tho boundaiy condition T=T<, at the wall is the equation 


(8 


In this ei;|Uation J is a characteristic dimension of the tube 
and (jffia^ constant associated with the geometric shape o: 
the tube. Berivationa of Ot values for vazioua gcometriee 
are given in reference 7. Equatlooe (4) and (6) may be 
combined to give 


In order for a flame to pass down a tube, the tube size, 
given by <P/Gt, must be equal to or greater than tho righj 
side of equation G^), Since the quenching diBtonce ie the 
chaiacterietio tube dimension that juet quenches a givon 
flome^ equation (7) can be written as a quenchixig-distancc 
equation by removing tho inequality sign; 


Then t}ie thermodiffosivity x oan be written aa 


The rate of temperature rise q can bo written as 


2= 


(0) 


(10) 


Here, w hi the rate of disappe(U-ance of fuelj molecules per 
cubic centimeter per second. 

Equations (8>, (fi), and (10) may be combined to giro for 
the thexmal quenching equation 


(U) 


The motat important fact concerning this equation is that 
the form for v> is not specifled; any reaction may be chosen 
as rate-controlling. 

Equation (ll) may be derived from the diffusion ed oqua- 
tion if it ie assumed that the thermodifluaivity and diffusion 
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coeffieienfc ore equivnlent, and if the criterion for fltiane prop- 
agation IB oasumed to be ttat the ixmnber of reaction eyents 
per cubic cantixnetar mwt be a critical fractioix of the total 
number of events that nonmilly occur iu the unconfined 

la terms of the cujtive-p article— fuel reftctioii (the reaobion 
Bpedfied oa rate-controlling » the djffuflionaX equatioji of 
r<d. 4), the reaction rate to ifl given by 

If a Anlliai ftn-thcary-type temperature dependence is aa- 
signed to kt, equalaon (12) becomes 


Combination of equationfi (XO) and (13) gives 


(13) 


(14) 


The choice of rate-controHing reaction is not limited to 
the active-portide — fuel reaction. For examjile, it is poaaiblo 
to follow Semenov (ref. 8) and asBume the reaction in the 
combuBtion zone to be bimolec\il&T and firet-ordetr with 
respect to fuel and oxygen, ^ot this assumptionj the real 
reacting apeoies cii^ obviously not fuel imd oxygen tnoleeulea, 
but such an assumption is aatiBfactory if the concenCrations 
of the reacting epeciee are proportional to the fuel a^d oi^gen 
concentrationa. la this case, tihen, the rate of the reaction 
is giren by 

w^haajtf (15) 

If a cclliBion- theory-type temperature dependence is oar 
signed to Ict, equation (15) becomes 


iO^BMCrKTr^ «sp 


The combination of equations (10) and (16) gives 


(16) 


(ir) 


In order to test equations (14) and (17) 4 data for t^e 
quenching of propane-oxygen-nitrogen flames wfiro used. 
Tbeae data points include the effect on quenching distance 
of o^gen-nitrogen ratio, fuel conoentratKon and preSflure 
(rof. 6), and initial temperature (ref. S). 

In order to ubb equation (14), tiie ofaumptions mode in 
reference 4 concerning the active-particle — fuel reaction were 
foUow^ed: was taken to be 0.7 2V, the partial pressure of 
fuel in the reaction zone waa asaumed to be one-half the 


partial pressure of fuel in the unhurncd gas, the partial 
pressurea of the active particles (H atoms, OH radicals^ and 
0 atoms) in. the reaction zone were assumed to be 0.7 tames 
their partial pressure in the adiabatic equilibrium flame, 
and Et^B3 afiaumed to be 7 kilocaloTiea per mole (ref. 10). 

In order to use equation 0.7), the partial pressurea of fud 
and oxygon in the reaction . zone were taken 03 equal to 
their values in tiie imbumcd gas and was osaumed to be 
38 kalocalories per mdo (ref. 11). In keeping Tvith previous 
usage (ref 6. 4 and 6), Tr was choaen to be equal to 0.7 Tp. 

The fh«rmfl1 conductivities T7ero calculated for the un- 
bumed gas mixture at 0.7 Tr- The conductivitiea for 
oxygen, nitrogen, and propane were calculated at 1653° 
using the tables and data given in chapter 8 of reference 12. 
Conductivities at other temperatures were computed on 
tlie assumption of a 3^-poYfer temperature dependtmce. The 
thermal conductivities of the gas mixtures were calculated 
B3 the eum of ihe mole traction times tlie thermal conduc- 
tivily of each component, or, 


(1« 


It was felt that til>V simple linear Trrriug rule was adequate 
for eyetems largely composed of nLtrogea and oxyg&n because 
of thedr similar conductiTities- 

The heat capacities were calculated for the unbumed goe 
mixture at 0-T Ty by the some linear mixing rule used foi 
the tiLcnaal conductivities. Individual heat capacities foi 
o^gen, nitrogen, and propane were calculated from data 
given in reference 13. 

The aqnilibrimn adiabatic flame tcmpor&tures and product 
compositLons \Yere calculated by the matrix method oi 
reference 14 uaing the thermodynamic conatfijits of referencf 
14 and the heat of formation of propane given in reference 13. 

RESULTS AND DISCUSSION 

Lmamuch ea the square of the quenching dietance if 
predicted to be directly proportional to (eq. (14)) or tc 
(eq. (17) ), values of ^, ajid ^, were calculated for tiia prag 
Bure, eqirilibriuin Buliabatic flame composition and tempera> 
ture, uuhurned gas compo^tion and temperature, and tubi 
geometiy (aasiroiBd to be plane-parallel plates) which corre> 
spond to the quenching dratancea reported in references 6 aac ' 
9 for prop ane-oxygen-nitrogen flames. Plots of cP against ^ 
and ^« are shown in fignrea 1 (a) and (b), reepectivdy. Tlii 
raogea of the variables included were; presaure^ 0.1 to IJ 
atmosphere; equiralence ratio, 0.33 to 1.90; mole fractioi 
osygen in the c?ddant mixfrure, 0.21 to 0.70; and unbumei 
gaa tamparature, 300° to 568* In figure 1 (a), it is ahowi 
that ^|ft (which is entirely analogoiifi to the difPueioual equa 
tion of ref. 4 eaccept for the choice of quenchiug criterion' 
satisfactorily correlates tiie e£ect of these vfiiiaUes excep 
for propane-rich mixtures where ^'>1 .2. 
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InapectiQii of figure 1(b) revdole that ^. (which iadudes 
the i>xygen-fuel xeocfcion as the yate-deteruanuiig atep, 
tathor tJiBJi the Bctdve-partide— fuel teacdou) cortd&tes not 
oiily the pTopime4ean, but also all the propane^eh qucnoh- 
ing data. Thus, it appeara that by proper choice of the 
xate»<!0&trolliBg reaction, the qaenoliing concepts of refers 
ence 4 may bo extended in suob a way ae to include rich 
mixturea for the propane-^xygon-nittogen. ayatem. 

The Bome roaotion-Tate constants were need for miztures 
both rich and Uim in propane. ThiD may not be possible for 
all hydrocorbonfl? it may bo necessary to uae diffeccent labe 
coDstante {or rich and lean miztmres, aixice it ia gentitaHy 
behered that the reaction mechamsan chfuigea in going from • 
a lean to a rich hydrocarboA dame, 

A mean line dn.wn through the data prcBented m £guxe 1 
reveals that the predicted liaeor lelation between and ^> 
and does not hold esacHy. Bather, the data are best 
correlated if <i»(x dfrtY "ocCi^,)*-", This diffiouley is related, 
at leeat in part) to the dxolce of reaction mechoniem, mnce 
the "best correlation" exponent is changed by a change in 
roaction mechamfim, 

Examination of the eciua^n for qnenohin^ distance 
(eq. (11)) reTeals that all tenns on the xight aide axe inde- 
pendent of pressure except the reaofion rate tt^. However, 
hydrocQxbon flame temperatures change slightly with 
pressure because of changes in the extent of dissociation. 
Consequently! a pressure change indirectly aSecte tempera- 
ture- and composition-dependent tenns in the equation. 
This sffect ia quite small, so that the preaaure dependence 
of die quenching distance may be regarded ss primarily 
dependent on the preasuro dependence of the initiel dieDoical 
processes in the combustion -ware. 

The calculated pressure dependence of the quenching 
distance Onduding the indirect effect of pressure on flame 
temperature and composition) is compared in table I with 
the eacperimental values of reference B. The average devia- 
tion of the calculated values from the observed values was 
found to ba 10 percont for and 17 percent for Keference 
6 gives a value of 7 percent for the average deviation of 
values computed for bhe dlfiTuslonal equation. 

It is seen that ^« does not predict the pressure dependence 
as well OS does except for the high-velocity flamea at an 
oxygen fraction of 0.70. This is probably because the assump- 
tion of a simple second-order reaction between fuel and 02^- 
gen is a poor one. Concerning pi^dictlon of pressure depend- 
encSp a better choice of over-all order would be 1.7 rather 
than 2.0 ; tbis is in agreement with theoretical studies of the 
pressure dependence of burning velocity (ref. 12, p. 765), 
which indicate that the global reaction in most hydrocarbon 
flpTTiwa ]rauge3 between £bst and second order. Such a choice 
would also tend to improve the linearity of the relation be- 
two en ^ (obfierved) and ^« (calculated), 

QOEKCBXMO OISTaNOB ANn OIJRMmG TBLocmr 

Tho relation of quenching distance to humiog vdotity haa 
been diacUBSed in references d, 4, and 15. In reference 4, an 


TABLE I.— COMPAIOflON QP OBSSB.VED PRBfiSTJXlB 
DBFBiNDENCE OF QTONOEQNQ TOBTAKCB 
-WITH PBEDICTED VAIiTIEB 


OXTCBO. 


Bqulwlnaett 


0.M3 
LSD 


0. 328 

.fiH 

1. QW 
1.3iD 
L4«Q 


0.N0 

1.000 
1-003 


.680 


i-oaa 


.59 


an 

1,09 


.03 
.74 


LOl 


LOl 

!.« 

.ft] 


niflo' 


.65 

.n 


.TO 

.76 


.66 


as3 

.76 
.7* 
.75 


a67 
.88 


,10 


L03 
1.01 
LOO 


1.00 
HP 
L03 
l.Ql 
^.00 


l.Dl 
L(M 
3.07 

LOG 
1.01 


L«6 


1.00 
LOT 
l.C» 
J.OO 
LH 
LOB 


eqxiation relating the two variables ia derived on. a purelj 
diffufiioncd ha^s. The thermal onalog to this equation ma^ 
be derived as follows: 

According to reference 16, the Seroenov equation for the 
burning velocity may be written as 


Multiplying equation (11) by equation (IQ), converting 
epedflc hiB&ta to molar heat capacities, and writing and is 
the form 


yield 


(200.) 

(20b; 

C21) 


If it ia assumed that W oad w hare tihe BOine preesura depend- 
sncB, it foQOTTS from equtiaix (21) Qiat, at b. given equiTa- 
laBC6 ratio. 


(22> 
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From reference 6, it is seen that n dccreasea from About 
—0.9 to — l.OS a& tlie percent oxygen in tli& oxidant mixture 
3s increoaed from 21 to 70. Simultaiieoufiiy, the buiidixg 
velocity increases from about 40 centimeters par second to 
the order of 300 centimeters per second. Conflcquently, 
eqiiation (22) predicts tbat the exponent describing the pres- 
sure dependence of TI should ijicrcafle from about —0.1 to 
0.05 AS U increased irom 40 centimetet? per second to about 
300 centimeters per second. This result may be compared 
with the experimentsl findings of Lrewia (wil 17) (T^hich 
indicnto on increase of about — 0,05 to 0.07 buroing Teloc- 
ity changes from 40 to 300 cm/sec) to confixm equation (22) 
qualitatrvdy. 

CONCLUDING B£!MAItK9 

The fact that reasonable egreement exists between expeEi- 
ment and qnenchin^ concepts baeed on eitkei: Ixeat or mass 
transfer indicates ozily that these processes have the seme 
f ortsAl la\^ end that the themel and moleoulsr diJ^sivities 
ore eiUiev equal or remain directly proportional for the data 
considered in this efcudy. No evidence for the preponderajice 
of either heat or mass transfer in quenching can be deduced 
from these resvlte.. The ^principal advantage gained by 
formulation of tke quenc^iing concepts of reference 4 in a 
''(ihennal" form is that a change in reaction kinetics la much 
simpler, from a conceptual point of view for the "thermal" 
form than for the "diflCii^nal^' fomu This conceptual 
advantage migh-t be usefal in a discussion of bizarre fuel- 
o:sidant eystcma for examplej CQsrS'a fiemes. In addition^ 
the actual calculations may be simplified, since by the proper 
choice of reaction mechaniem, it may become unnccessozy 
t-o calcidate the equilibrium fiome compoaition. 

SUMMARY OF RESULTS 

The results of an investigation into tho possibility of ax- 
tending quenching concspts previously proposed to include 
quenching of hydrocarbon-rich fiamee may be summarized 
OS follows: 

1. An equation for tho ciitical quenching configuration of 
a channel was denved for l^droca^on fiamcs: 


where 

a.. 

d 


N 
w 

fr 


heat capacity in reaction zone, cal/(**E) (mole) 
characteristio dimension of tube geometiy; qucndi- 

mg distance, cm 
constant that relates total heat produced by com- 
bustion to heat which must bo retained by flame 
for it to exist 

diinen^onless factor, dependent only on chnnnol 

geometry 
Arogadro'e number 

rate of reaction in reaction zone, moleculcs/Ccc) (sec) 
mole fracUon of fuel in unburned gas 
moan thermal conductivity in reaction zonoj cqI/ 
(cm) (sec) ("K) 


2. Two possible flame-initiating reactions TVei-e considered 
in the detailed formulation of W- (1) tho reaction between 
active particles f ti/I fuel molecules^ and (2) tho reaction 
between oi^gen and fuel molecules. 

8, The two equations res\dting from the two reaction 
mechanism choices were tested using published data that 
included the effect of oxygen-nitrogen ratiOj fuel concontra- 
Uon^ pressure, and unbumed gas temperature on the quench- 
ing distance for propane-osrygen-nitrcgen flames. These 
variables were correlftted reasonably well for both rich and 
lean flames by the equation involving tho ozygen-fuel 
reaction. The equation involving the active-partido— fad 
reaction was satisfactory primarily for lean flames. 

4. It was conduded that^ by the proper choice of reaction 
kinetics, the quenching concepts previously proposed may 
be cast in a foxm useful for the prediction of both propane- 
rich, and -lean quenching data. 


Lewis Pu.ght PnopniiSiON I/abqkatoet 

KaTZONAXi AnVISORT COMIdl'rTBB FOR AERONAUTICS 

C>LBVE]r.Ain>, Ohio, December ff, 1954 
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APPENDIX 


SVMBOtS 


The following symbols are uaed in this report: 
a fuel concentrntion, moleculea/co . 
J? Arrbenius cons twit 
& oxygen concentration, moleculGs/cc 

Op heat capacity, cai/C*K) (niolo) 
UpjF average heat capndty, to 2V, «iV(°K3 (molo) 
a concentration of ith active pattide, molecules/cc 

flpeoLfic heat, cal/C*K) (g) 
Cp average epecific heat, to 3V, QdlJCK) (g) 
2? diffusion coefficient, sq cm/sec 

d chainctoriatio dimeo^on of tube geometry; queneli- 

ing distance, cm 
E activation energy'', col/mole 

F conjjtant that vdates total heat produced by combue- 
tion to heat t^liioh must bo retfiiifted by flamft for 
it to exiat 

Qt dimeiiflionless factor, dependent only on tube 
geometry 

AH" heat released upon consumption of 1 molo of fad 

by combufltion process, col/mole 
Hf he&t produced by chemical reactiou in primary 

reaction zone, Odl/molo 
Ht total heat produced by combustion of 1 mole of 

unbvnned gus, colAnole 
k mte conatftnt, (cc) (moiecules)/seo 
M average molecular weight of ufibumad gas, g/molp 
m moleculaiity of fltua© reaction 
N Avogadro'B number 

n- exponent describing pressure dependence of quench^ 
ing cUfitance 

nifni moles of reactont per molee of product from stoichi- 

omcti'ic equation 
P predduxe, atm 

q ratQ of temperature lisej **K/eec 
i? goe constant 
T temperature^ **]KZ 
U flame speed, cm/aeo 

TP average reaction rate in flame front as defined by 

Semenov, molecules/ Cce) (sec) 
w reaction rate in reaction zone, molecidee/(ce}Ceee) 

mole fraction of fuel 

djAtance, cm 

a mole fraction of oxidant in ozidant-iner6 mixture 

K thermal couduotivily, edl/(4»n](fi6o)(°K) 

p density, g/cc 

^ equivolencB ratio 

X theitnodiffuflivity, sq cm/sec 

Subscripts: 
F flame 

i actire-poTticIe species 


9 unk'nmed gas 
r reaction zone 

J involves reaction of oxygen and fuel molecules 

t involves reaction of acdve poxticles and fud 

molecules 
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